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(57) ABSTRACT

The negative electrode for lithium-ion secondary battery is
used in which a product of tensile strength and thickness of'a
negative electrode having a negative electrode active material
layer containing silicon and silicon oxide as main compo-
nents is 3.8 to 9.0 N/mm and a value obtained by dividing the
product of the tensile strength and the thickness of the nega-
tive electrode by a product of tensile strength and thickness of
a negative electrode current collector is 1.06 to 1.29.
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NEGATIVE ELECTRODE FOR LITHIUM-ION
SECONDARY BATTERY AND LITHIUM-ION
SECONDARY BATTERY

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a negative electrode for
lithium-ion secondary battery and a lithium-ion secondary
battery.

2. Description of the Related Art

Since lithium-ion secondary batteries are light and have a
high capacity in comparison with nickel-cadmium batteries,
nickel-hydride batteries, and the like, the lithium-ion second-
ary batteries are widely used as power sources for portable
electronic devices. In addition, the lithium-ion secondary bat-
teries are prime candidates as power sources mounted in
hybrid vehicles and electric vehicles. In recent years, along
with downsizing and high functionality of portable electronic
devices, the lithium-ion secondary batteries with a higher
capacity, which are the power sources of these portable elec-
tronic devices, are expected.

The capacity of the lithium-ion secondary batteries mainly
depends on active materials of electrodes. As for negative
electrode active materials, graphite is generally used. How-
ever, a theoretical capacity of graphite is 372 mAh/g, and
batteries in practical use with a capacity of about 350 mAh/g
are already used. Accordingly, in order to obtain nonaqueous
electrolyte secondary batteries having sufficient capacity as
energy sources of high-functional portable devices in the
future, there are needs for achieving a higher capacity, and
negative electrode materials having larger theoretical capac-
ity than that of graphite are needed for achieving a higher
capacity.

At present, alloy-based negative electrode materials such
as silicon and silicon oxide have attracted attention. Silicon
can electrochemically intercalate and deintercalate lithium
ions and charging and discharging with a very large amount of
capacity compared with graphite are possible. In particular, it
is known that the theoretical discharge capacity of silicon is
about 4210 mAl/g, which is 11 times the theoretical dis-
charge capacity of graphite.

However, when silicon and silicon oxide are used as a
negative electrode active material to achieve a high capacity,
several problems arise. Specifically, when lithium is interca-
lated, a very large amount of volume expansion is accompa-
nied due to a change from the original crystal structure by
forming a lithium-silicon alloy. For this reason, exfoliation of
a negative electrode active material layer or fracture of the
negative electrode occurs, and there is a problem of remark-
ably large cycle deterioration.

In order to solve the above problem due to the expansion,
the volume expansion is suppressed by using a negative elec-
trode current collector having high tensile strength such that
a 0.2% proof stress is 250 N/mm? or more or tensile strength
is 300 N/mm? or more to suppress a fracture of the negative
electrode, and adhesion between the negative electrode active
material layer and the negative electrode current collector are
improved by using the negative electrode current collector
with a surface roughness Rz of 0.6 to 10 um by a roughening
treatment (for example, Japanese Unexamined Patent Appli-
cation No. 2011-192563). Moreover, the thickness of the
negative electrode active material layer is limited so that the
tensile strength of the negative electrode current collector is
3.82 N/mm or more, and the tensile strength of the negative
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electrode current collector per 1 pm thickness of an active
material thin film is 1.12 N/mm or more (for example, Japa-
nese Patent 3733070).

SUMMARY OF THE INVENTION

However, in a case in which simply the tensile strength of
the negative electrode current collector is high and deforma-
tion is difficult to occur, when the silicon-based negative
electrode active material is expanded or shrunk along with
charging and discharging, a large amount of interface stress is
generated between the negative electrode current collector
and the negative electrode active material layer so that cracks
or fracture is easily generated. Therefore, it is difficult to
realize a lithium-ion secondary battery having a sufficient
charging/discharging cycle characteristic.

The present invention is made to solve the problem in the
related art, and an object of the present invention is to provide
a negative electrode for lithium-ion secondary battery which
suppresses exfoliation of a negative electrode active material
layer along with charging and discharging, and a lithium-ion
secondary battery which includes the above negative elec-
trode and has a improved charging/discharging cycle charac-
teristic.

In order to achieve the object, according to the present
invention, there is provided a negative electrode for lithium-
ion secondary battery in which a product of tensile strength
and thickness of the negative electrode having a negative
electrode active material layer containing silicon and silicon
oxide as main components is 3.8 to 9.0 N/mm, and a value
which is obtained by dividing the product of the tensile
strength and the thickness of the negative electrode by a
product of tensile strength and thickness of a negative elec-
trode current collector is 1.06 to 1.29.

A charging/discharging cycle characteristic of the lithium-
ion secondary battery may be improved by using the negative
electrode according to the present invention.

Here, the product (N/mm) of the tensile strength and the
thickness of the negative electrode is a product of tensile
strength (N/mm?) per cross-sectional area of the negative
electrode and thickness (mm) of the negative electrode, and
the product (N/mm) of the tensile strength and the thickness
of the negative electrode current collector is the product of
tensile strength (N/mm?) per cross-sectional area of the nega-
tive electrode current collector and thickness (mm) of the
negative electrode current collector. The tensile strength per
cross-sectional area of the negative electrode and the negative
electrode current collector can be measured in accordance
with conditions in JIS Z 2241.

When the negative electrode and the negative electrode
current collector are within the above range, the interface
stress between the negative electrode current collector and the
negative electrode active material layer along with the expan-
sion of the negative electrode active material by charging is
reduced to suppress exfoliation of the negative electrode
active material layer due to elastic deformation of the nega-
tive electrode current collector.

To determine the lower limit of the product of the tensile
strength and the thickness of the negative electrode is because
the thickness of the negative electrode current collector is
decreased so much, resistance as a negative electrode current
collector is increased to lower current collecting properties,
and charging/discharging rate performance at a high rate is
lowered.

When the tensile strength of the negative electrode is more
than the upper limit, the thickness of the negative electrode
active material layer is relatively increased. When the nega-
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tive electrode active material is expanded by charging, a stress
difference between the negative electrode current collector of
the negative electrode active material layer and the surface of
the negative electrode is increased, and cracks are generated
in the negative electrode active material layer to lower the
charging/discharging cycle characteristic. Moreover, in a
case in which the tensile strength of the negative electrode
current collector is large, and deformation is difficult to occur,
when the silicon-based negative electrode active material is
expanded or shrunk along with charging and discharging, a
large amount of interface stress is generated between the
negative electrode current collector and the negative elec-
trode active material layer, and the negative electrode active
material layer is exfoliated from the current collector to lower
the charging/discharging cycle characteristic.

The negative electrode active material according to the
present invention has silicon and silicon oxide as main com-
ponents. A negative electrode with a high capacity can be
obtained by using the active material in comparison with a
case in which graphite is used as a negative electrode active
material. In the specification, the “negative electrode active
material layer containing silicon and silicon oxide as main
components” means that the mass of silicon and silicon oxide
in the total mass of the negative electrode active material
contained in the negative electrode active material layer is
90% by mass or more. From the viewpoint of capability of
achieving larger theoretical capacity, the mass is preferably
95% by mass or more, and more preferably 100% by mass.

The present invention further provides a lithium-ion sec-
ondary battery having the negative electrode according to the
present invention. The lithium-ion secondary battery has an
improved charging/discharging cycle characteristic by hav-
ing the negative electrode according to the present invention.

According to the present invention, it is possible to provide
the negative electrode which suppresses exfoliation of the
negative electrode active material layer by using the negative
electrode and the negative electrode current collector having
the tensile strength, and is capable of improving the charging/
discharging cycle characteristic of the lithium-ion secondary
battery, and the lithium-ion secondary battery using the nega-
tive electrode.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE is a schematic cross-sectional view showing a
lithium ion secondary battery according to an embodiment.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the following, a preferred embodiment of the present
invention will be described with reference to the accompany-
ing drawings. The present invention is not limited to the
following embodiment. The constituents described below
include constituents which can be easily assumed by those
skilled in the art and substantially the same components.
Furthermore, the constituents described below can be appro-
priately combined.

As shown in FIGURE, a lithium-ion secondary battery 100
according to the embodiment includes a stacked body 30
having a plate-like negative electrode 20 and a plate-like
positive electrode 10 arranged to oppose each other and a
plate-like separator 18 adjacently arranged between the nega-
tive electrode 20 and the positive electrode 10, an electrolyte
containing lithium ions, a case 50 accommodating the elec-
trolyte and the stacked body in a sealed state, a negative
electrode lead 62 in which one edge part is electrically con-
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nected to the negative electrode 20 and the other edge part is
protruded outside of the case, and a positive electrode lead 60
in which one edge part is electrically connected to the positive
electrode 10 and the other edge part is protruded outside of the
case.

The negative electrode 20 has a negative electrode current
collector 22 and a negative electrode active material layer 24
formed on the negative electrode current collector 22. In
addition, the positive electrode 10 has a positive electrode
current collector 12 and a positive electrode active material
layer 14 formed on the positive electrode current collector 12.

The negative electrode 20 according to the embodiment is
configured such that the negative electrode active material
layer 24 containing a negative electrode active material is
formed on one surface or both surfaces of the negative elec-
trode current collector 22. The negative electrode active mate-
rial layer 24 can be produced by applying a coating material
including a negative electrode active material, a binder, a
conductive auxiliary agent, and a solvent onto the negative
electrode current collector 22, and removing the solvent in the
coating material applied onto the negative electrode current
collector 22.

Silicon and silicon oxide are main components of the nega-
tive electrode active material. As the silicon oxide, silicon
monoxide (Si0), silicon dioxide (Si0,), and the like can be
used. These oxides may be used either singly or in combina-
tion of two kinds or more. The mass of silicon and silicon
oxide in the total mass of the negative electrode active mate-
rial contained in the negative electrode active material layer is
90% by mass or more. From the viewpoint of capable of
achieving a larger theoretical capacity, the mass is preferably
95% by mass or more, and more preferably 100% by mass.

The binder binds the negative electrode active materials
and also binds the negative electrode active material and the
current collector 22. Any material may be used as the binder
as long as the material can achieve the binding mentioned
above. Examples of the binder for use include fluororesins
such as polyvinylidene fluoride (PVDF), cellulose, styrene-
butadiene rubber, polyimide resins, and polyamideimide res-
ins.

The content of the binder in the negative electrode active
material layer 24 is not limited in particular, and the content is
preferably 1 to 30% by mass with respect to the sum of the
mass of the negative electrode active material, the conductive
auxiliary agent, and the binder, and more preferably 5to 15%
by mass.

The conductive auxiliary agent is not limited in particular
as long as a conductive auxiliary agent can improve conduc-
tivity of the negative electrode active material layer 24, and
well-known conductive auxiliary agents can be used.

The content of the conductive auxiliary agent in the nega-
tive electrode active material layer 24 is not limited in par-
ticular, and the content is preferably 1 to 10% by mass with
respect to the sum of the mass of the negative electrode active
material, the conductive auxiliary agent, and the binder when
added.

Examples of the solvent for use include N-methyl-2-pyr-
rolidone and N,N-dimethylformamide.

The negative electrode current collector 22 is preferably a
thin conductive plate material, and a metal foil having a
thickness of 8 to 30 um is preferable. The negative electrode
current collector 22 is preferably formed from a material that
does not form an alloy with lithium, and a particularly pref-
erable material is copper. A copper foil of which the surface is
roughened is preferable. An example of the copper foil
includes an electrolytic copper foil. The electrolytic copper
foil is a copper foil obtained by, for example, immersing a
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metal drum in an electrolyte that dissolves copperions, apply-
ing a current while rotating the drum followed by deposition
of copper on the surface of the drum and exfoliating the
deposit.

In addition, a pressed copper foil produced by pressing a
cast copper ingot into a desired thickness may be used, and a
copper foil in which copper is deposited on the surface of the
pressed copper foil by electrolysis and the surface is rough-
ened may be used.

A coating method is not limited in particular, and methods
that are typically employed in producing an electrode can be
used. For example, a slit die coating method and a doctor
blade method can be used.

A method for removing the solvent in the coating material
applied onto the negative electrode current collector 22 is not
limited in particular, and the negative electrode current col-
lector 22 in which the coating material is applied may be
dried, for example, at 80° C. to 150° C.

For example, the negative electrode 20 in which the nega-
tive electrode active material layer 24 is formed in this man-
ner may be optionally subjected to a pressing process by a roll
press apparatus. The line pressure of a roll press can be 50 to
7000 kgf/cm.

By the pressing process, working hardening is introduced
into the negative electrode current collector 22 and the tensile
strength can be improved.

It is preferable that the negative electrode 20 according to
the embodiment have the product of the tensile strength and
the thickness of the negative electrode 20 0f 3.8 t0 9.0 N/mm,
and a value, obtained by dividing the product of the tensile
strength and the thickness of the negative electrode 20 by the
product of the tensile strength and the thickness of the nega-
tive electrode current collector 22, of 1.06 to 1.29. Due to this,
the exfoliation of the negative electrode current collector 22
and the negative electrode active material layer 24 is sup-
pressed, and the charging/discharging cycle characteristic of
the lithium-ion secondary battery 100 is easily and remark-
ably increased. The charging/discharging cycle characteristic
of the lithium-ion secondary battery 100 preferably has
capacity retention of 50% or more after 500 cycles, and par-
ticularly preferably 55% or more. In order for the product of
the tensile strength and the thickness of the negative electrode
and the value obtained by dividing the product of the tensile
strength and the thickness of the negative electrode by the
product of the tensile strength and the thickness of the nega-
tive electrode current collector to fall in a desired range, the
production conditions, such as a line pressure of the pressing
process, an application amount of the negative electrode
active material, an application amount of the positive elec-
trode active material and the thickness of the negative elec-
trode current collector, can be appropriately adjusted.

The negative electrode 20 having good adhesive properties
can be prepared through the above step of preparing the
negative electrode.

Examples of the positive electrode active material include
oxides and sulfides that allow intercalation and deintercala-
tion of lithium ions, and the oxides and sulfides may be used
either singly or in combination of two kinds or more. Specific
examples thereof include lithium-free metal oxides and metal
sulfides and lithium composite oxides containing lithium.
Well-known materials can be used as the positive electrode
current collector 12, the binder and the conductive auxiliary
agent, and the positive electrode active material layer 14 is
formed on the positive electrode current collector 12 to pro-
duce the positive electrode 10 through the step illustrated
above in the step of producing the negative electrode.
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The separator 18 is not limited in particular as long as a
material is stable with respect to the electrolyte, and has
excellent liquid retaining properties, and example thereof
generally includes porous polyolefin sheets such as polyeth-
ylene and polyolefin, and nonwoven fabrics.

Examples of the electrolyte for use include aprotic solvents
with high dielectric constants such as ethylene carbonate and
propylene carbonate, and aprotic solvents with low viscosity
such as dimethyl carbonate, and ethyl methyl carbonate can
be used as a solvent. Examples of an electrolyte include
lithium salts such as LiBF,, LiPF, and LiClO,.

The case 50 is not limited in particular as long as a material
can inhibit the electrolyte from leaking out therefrom and
moisture and the like from invading the lithium-ion second-
ary battery 100 from the outside.

The leads 60 and 62 are formed from a conductive material
such as aluminum.

The preferred embodiment of the present invention has
been described above, and the present invention is not limited
to the embodiment. For example, the lithium-ion secondary
battery is not limited to the shape shown in FIGURE, and may
be coin type in which electrodes and a separator, all punched
into a coin shape, are stacked, or a cylinder type in which
electrode sheets and a separator are spirally wound.

The prepared negative electrode and lithium-ion secondary
battery were evaluated by the following method.

Evaluation of Tensile Strength

The tensile strength of the used negative electrode current
collectors and the prepared negative electrodes in Examples
was evaluated in accordance with the conditions in JIS Z 2241
using a tensile tester. The negative electrode current collec-
tors used in the evaluation were subjected to a pressing pro-
cess and a heating process as in each Example. An average
value of the product of the tensile strength (N/mm?) of the
negative electrodes and the thickness (mm) of the negative
electrodes, and an average value of the product of the tensile
strength (N/mm?) of the negative electrode current collectors
and the thickness (mm) of the negative electrode current
collectors were respectively set as products of tensile strength
and thickness, and the evaluation was performed.
Measurement of Charging/Discharging Cycle Characteristic

When a voltage range is 2.5 V to 4.2 V, and 1C=1600
mAh/g, each battery was charged at a current value of 0.5 C,
and each battery was discharged at a current value of 1.0 C to
evaluate the charging/discharging cycle characteristic using a
secondary battery charging and discharging tester. Here,
when discharge capacity of the first cycle was set as an initial
discharge capacity, the capacity retention (%) is the ratio (%)
of the discharge capacity (100x(discharge capacity of each
cycle/initial discharge capacity)) in the number of each cycle
with respect to the initial discharge capacity. The higher the
capacity retention is, the better the charging/discharging
cycle characteristic is.

Measurement of Charging/Discharging Rate Performance

When a voltage range is 2.5 V to 4.2 V, and 1C=1600
mAh/g, each battery was charged at a current value of 0.5 C,
and each battery was discharged at current values of 0.5 C and
5.0 C to evaluate the charging/discharging rate performance
using a secondary battery charging/discharging tester. Here,
the capacity retention (%) is the ratio (%) of 5.0 C discharge
capacity with respect to the 0.5 C discharge capacity (100x
(5.0 C discharge capacity/0.5 C discharge capacity). The
higher the capacity retention is, the better the charging/dis-
charging rate performance is.
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EXAMPLES

Example 1
Preparation of Negative Electrode

As for the negative electrode active material, Si and SiO
were mixed at a ratio of Si/Sio=1/2 (weight ratio), and were
crushed and mixed by a planetary ball mill to be used. Alu-
mina beads having a diameter of 3 mm were used as media of
the planetary ball mill, the number of rotation was 500 rmp,
and crushing and mixing time was 60 min.

As for the negative electrode active material, 77 parts by
mass of the mixture of Si and SiO, 3 parts by mass of acety-
lene black as a conductive auxiliary agent, and 20 parts by
mass of polyamidimide as a binder were mixed to form a
negative electrode mixture. Subsequently, the negative elec-
trode mixture was dissolved in N-methyl-2-pyrrolidone to
form a paste negative-electrode mixture coating material. The
coating material was applied onto both surfaces of an elec-
trolytic copper foil having a thickness of 10 um so that the
application amount of the negative electrode active material
was 3.3 mg/cm?, and dried at 100° C. to form a negative
electrode active material layer. Then, the negative electrode
active material layer was subjected to a pressing process by a
roller press at a line pressure of 2000 kgf/cm, and a heating
process at 27010 350° C. for 1 to 3 hours in vacuum to prepare
a negative electrode having a thickness of 67 um.
Preparation of Positive Electrode

As for the positive electrode active material, 90 parts by
mass of LiNi, 4sCoy | oAl 55sO,, 5 parts by mass of acetylene
black as a conductive auxiliary agent, and 5 parts by mass of
polyvinylidene fluoride as a binder were mixed to form a
positive electrode mixture. Subsequently, the positive elec-
trode mixture was dissolved in N-methyl-2-pyrrolidone to
form a paste positive-electrode mixture coating material. The
coating material was applied onto both surfaces of an alumi-
num foil having a thickness of 20 so that the application
amount of the positive electrode active material was 20.4
mg/cm?, and dried at 100° C. to form a positive electrode
active material layer. Then, the positive electrode active mate-
rial layer was subjected to a pressing process by a roller press
to prepare a positive electrode having a thickness of 132 um.
Preparation of Evaluation Lithium-lon Secondary Battery

The negative electrode and the positive electrode prepared
above were put into an aluminum laminated pack with the
separator made of a porous polyethylene film interposed ther-
ebetween and a LiPF solution (solvent: EC/DEC=3/7 (vol-
umeratio)) with a density of 1M was injected in the aluminum
laminated pack as an electrolyte and was sealed in vacuum to
prepare an evaluation lithium-ion secondary battery.

Examples 2 to 4

Negative electrodes of Examples 2 to 4 were obtained as in
Example 1 except that pressing process conditions were
respectively changed as shown in Table 1. In addition, evalu-
ation lithium-ion secondary batteries of Examples 2 to 4 were
prepared as in Example 1 using the obtained negative elec-
trodes.

Examples 5 to 9

Negative electrodes of Examples 5 to 9 were obtained as in
Example 1 except that the negative electrode active material
and the positive electrode active material were applied so that
the application amount of the negative electrode active mate-
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rial was 2.2 mg/cm?, and the application amount of the posi-
tive electrode active material was 13.6 mg/cm?, an electro-
Iytic copper foil having a thickness of 26 um was used as a
negative electrode current collector, and pressing process
conditions were respectively changed as shown in Table 1. In
addition, evaluation lithium-ion secondary batteries of
Examples 5 to 9 were prepared as in Example 1 using the
obtained negative electrodes.

Examples 10 to 12

Negative electrodes of Examples 10 to 12 were obtained as
in Example 1 except that a pressed copper alloy foil having a
thickness of 10 pm was used as a negative electrode current
collector, and pressing process conditions were respectively
changed as shown in Table 1. In addition, evaluation lithium-
ion secondary batteries of Examples 10 to 12 were prepared
as in Example 1 using the obtained negative electrodes.

Examples 13 to 15

Negative electrodes of Examples 13 to 15 were obtained as
in Example 1 except that the negative electrode active mate-
rial and the positive electrode active material were applied so
that the application amount of the negative electrode active
material was 2.2 mg/cm?, and the application amount of the
positive electrode active material was 13.6 mg/cm?, a pressed
copper alloy foil having a thickness of 12 pum was used as a
negative electrode current collector, and pressing process
conditions were respectively changed as shown in Table 1. In
addition, evaluation lithium-ion secondary batteries of
Examples 13 to 15 were prepared as in Example 1 using the
obtained negative electrodes.

Examples 16 to 17

Negative electrodes of Examples 16 and 17 were obtained
as in Example 1 except that the negative electrode active
material and the positive electrode active material were
applied so that the application amount of the negative elec-
trode active material was 2.2 mg/cm?, and the application
amount of the positive electrode active material was 13.6
mg/cm?, a pressed copper foil having a thickness of 16 um
was used as a negative electrode current collector, and press-
ing process conditions were respectively changed as shown in
Table 1. In addition, evaluation lithium-ion secondary batter-
ies of Examples 16 and 17 were prepared as in Example 1
using the obtained negative electrodes.

Comparative Examples 1 to 3

Negative electrodes of Comparative Examples 1 to 3 were
obtained as in Example 1 except that the thickness of the
negative electrode current collector and pressing process con-
ditions were changed as shown in Table 1. In addition, evalu-
ation lithium-ion secondary batteries of Comparative
Examples 1 to 3 were prepared as in Example 1 using the
obtained negative electrodes.

Comparative Example 4

A negative electrode of Comparative Example 4 was
obtained as in Example 1 except that the negative electrode
active material and the positive electrode active material were
applied so that the application amount of the negative elec-
trode active material was 8.25 mg/cm?, and the application
amount of the positive electrode active material was 51
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mg/cm?, and a copper foil having a thickness of 22 um was
used as a negative electrode current collector. In addition, an
evaluation lithium-ion secondary battery of Comparative
Example 4 was prepared as in Example 1 using the obtained
negative electrode.

Comparative Example 5

A negative electrode of Comparative Example 5 was

10

as the negative electrode current collector so that current
collecting properties are lowered.
Measurement of Volumetric Energy Density

The volumetric energy density of the evaluation lithium-
ion secondary batteries prepared in Examples and Compara-
tive Examples were evaluated. However, the volume of the
positive electrode, the negative electrode, and the separator
was used as the volume of the lithium-ion secondary battery.
The results are shown in Table 1. A case where the volumetric

obtained as in Example 1 except that the negative electrode 10 . e
. . L - . energy density was good was represented by “O”, and a case
active material and the positive electrode active material were here the vol . Jensi ) q
applied so that the application amount of the negative elec- w ire’f 1evo umetric energy density was low was represente
trode active material was 1.5 mg/cm?, and the application by X. in Table 1. . . o
amount of the positive electrode active material was 10.2 Negative Electrode Active Material Layer Exfoliation Evalu-
mg/cm?, a copper foil having a thickness of 40 was used as a 15 ation o )
negative electrode current collector, and a pressing process The presence of the exfoliation of the negative electrode
condition was changed to 5000 kg/cm. In addition, an evalu- active material layer in the evaluation lithium-ion secondary
ation lithium-ion secondary battery of Comparative Example ~ batteries prepared in Examples and Comparative Examples
5 was prepared as in Example 1 using the obtained negative was evaluated. After the cycle test, the batteries were decom-
electrode. 5o posed and the presence of the exfoliation of the negative
electrode active material layer was visually evaluated. The
Comparative Example 6 results are shown in Table 1. A case where the negative elec-
trode active material layer was not exfoliated was represented
A negative electrode of Comparative Example 6 was by “O” and a case where the negative electrode was exfoli-
obtained as in Example 1 except that a copper foil having a ,5 ated was represented by “X” in Table 1.
thickness of 7 um was used as a negative electrode current In Comparative Example 1 and Comparative Example 4, it
collector. In addition, an evaluation lithium-ion secondary is assumed that cycle deterioration is caused since the nega-
battery of Comparative Example 6 was prepared as in tive electrode current collector cannot follow the expansion of
Example 1 using the obtained negative electrode. the negative electrode active material layer to be fractured,
Evaluation of Tensile Strength 30 and the exfoliation of the negative electrode active material
The tensile strength of the used negative electrode current layer occurs.
collectors and the prepared negative electrodes in Examples In Comparative Example 2 and Comparative Example 3, it
and Comparative Examples was evaluated. The results are is assumed that a large amount of interface stress is generated
shown in Table 1. between the negative electrode current collector and negative
Measurement of Charging/Discharging Cycle Characteristic 35 electrode active material layer since the tensile strength of the
The charging/discharging cycle characteristics of the negative electrode current collector is large and thus, defor-
evaluation lithium-ion secondary batteries prepared in mation is difficult to occur.
Examples and Comparative Examples were evaluated. The In Comparative Example 5, while the product of the tensile
results are shown in Table 1. strength and the thickness of the negative electrode was more
Measurement of Charging/Discharging Rate Performance 47 than 9.0 N/mm, and the value obtained by dividing the prod-
As the result of evaluating the charging/discharging rate uct of the tensile strength and the thickness of the negative
performance of the evaluation lithium-ion secondary batter- electrode by the product of the tensile strength and the thick-
ies prepared in Example 1 and Comparative Example 6, while ness of the negative electrode current collector was less than
the capacity retention (%) at 5.0 C in Example 1 was 58.1%, 1.06, the cycle characteristic was good. However, since a ratio
the capacity retention (%) at 5.0 Cin Comparative Example 6 45 of the active material in the electrode volume was low in the
was 46.8%. This is because the thickness of the negative electrode configuration, it was difficult to obtain the lithium-
electrode current collector is decreased to increase resistance ion secondary battery with a high capacity.
TABLE 1
Current Product of Tensile
Current  Negative collector  tensile strength  strength of
collector  electrode Line tensile and thickness of  negative
thickness thickness pressure  strength  current collector electrode
(pm) (um) (kgf/em) (N/mm2) (N/mm) (N/mm?2)
Example 1 10 67 2000 314 3.1 59
Example 2 10 68 1500 301 3.0 56
Example 3 10 68 1000 298 3.0 56
Example 4 10 69 500 294 2.9 55
Example 5 26 62 5000 325 8.5 145
Example 6 26 63 3000 321 8.3 142
Example 7 26 63 2000 316 8.2 140
Example 8 26 64 1000 298 7.7 131
Example 9 26 66 300 287 7.5 122
Example 10 10 67 2000 429 43 78
Example 11 10 68 1000 425 43 76
Example 12 10 69 500 412 4.1 73
Example 13 12 49 5000 441 53 121
Example 14 12 50 1500 428 5.1 115
Example 15 12 51 500 418 5.0 111
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TABLE 1-continued
Example 16 16 54 1000 259 4.1 88
Example 17 16 55 500 237 3.8 80
Comparative 10 71 300 281 2.8 52
Example 1
Comparative 26 62 6500 329 8.6 144
Example 2
Comparative 26 83 2000 319 8.3 111
Example 3
Comparative 22 165 1000 307 6.8 55
Example 4
Comparative 40 66 5000 331 13.2 206
Example 5
Product of tensile
Product of  strength and thickness
tensile of negative electrode/ Exfoliation
strength and Product of tensile of negative

thickness  strength and thickness  Capacity electrode

of negative of current collector retention  Volumetric active

electrode Tensile strength and at 500 energy material

(N/mm) thickness of electrode cycles (%) density layer

Example 1 4.0 1.26 544 o o
Example 2 3.8 1.27 54.1 o o
Example 3 3.8 1.28 53.8 o o
Example 4 3.8 1.29 52.9 o o
Example 5 9.0 1.06 50.6 o o
Example 6 8.9 1.07 51.8 o o
Example 7 8.8 1.07 524 o o
Example 8 8.4 1.08 54.8 o o
Example 9 8.1 1.08 57.9 o o
Example 10 5.2 1.22 54.9 o o
Example 11 5.2 1.22 55.8 o o
Example 12 5.0 1.22 56.7 o o
Example 13 5.9 1.12 56.6 o o
Example 14 5.8 1.12 57.4 o o
Example 15 5.7 1.13 58.8 o o
Example 16 4.7 1.14 60 o o
Example 17 4.4 1.16 58 o o
Comparative 3.7 1.31 444 o X
Example 1
Comparative 8.9 1.04 43.1 o X
Example 2
Comparative 9.2 1.11 339 o X
Example 3
Comparative 9.1 1.34 30.5 o X
Example 4
Comparative 13.6 1.03 533 X o
Example 5

The present invention can provide the lithium-ion second-
ary battery with an excellent charging/discharging cycle char-
acteristic.

What is claimed is:

1. A negative electrode for lithium-ion secondary battery,

comprising:

a negative electrode current collector having a tensile
strength and a thickness, the tensile strength of the nega-
tive electrode current collector being 237 N/mm? or
more and 441 N/mm? or less; and

a negative electrode active material layer formed on the
negative electrode current collector,

45

50

55

the negative electrode having a tensile strength and a thick-
ness;

the negative electrode active material layer containing (1)
silicon and silicon oxide as main components and (2) a
binder and a conductive auxiliary agent;

a product of the tensile strength and thickness of the nega-
tive electrode being 3.8 to 9.0 N/mm; and

a value obtained by dividing the product of the tensile
strength and the thickness of the negative electrode by a
product of the tensile strength and thickness of the nega-
tive electrode current collector being 1.06 to 1.29.

2. A lithium-ion secondary battery using the negative elec-

trode according to claim 1.
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